Pharmacologic activation of the transcription factor NRF2 has been suggested to offer a strategy for cancer prevention. In this study, we present evidence from murine tumorigenesis experiments suggesting there may be limitations to this possibility, based on tumorigenic effects of Nrf2 in murine keratinocytes that have not been described previously. In this setting, Nrf2 expression conferred metabolic alterations in keratinocytes that were protumorigenic in nature, affecting enzymes involved in glutathione biosynthesis or in the oxidative pentose phosphate pathway and other NADPH-producing enzymes. Under stress conditions, coordinate increases in NADPH, purine, and glutathione levels promoted the survival of keratinocytes harboring oncogenic mutations, thereby promoting tumor development. The protumorigenic activity of Nrf2 in keratinocytes was particularly significant in a mouse model of skin tumorigenesis that did not rely upon chemical carcinogenesis. In exploring the clinical relevance of our findings, we confirm that NRF2 and protumorigenic NRF2 target genes were activated in some actinic keratoses, the major precancerous lesion in human skin. Overall, our results reveal an unexpected tumor-promoting activity of activated NRF2 during early phases of skin tumorigenesis. Cancer Res; 75(22); 1-13. Ó2015 AACR.
Introduction
Epithelial skin cancers are the most frequent malignancies in humans. The continuous increase in their incidence is a consequence of the increasing life expectancy combined with UV light exposure. Reactive oxygen species (ROS) are important in this process, since they cause DNA damage and thereby promote malignant transformation (1) .
To counteract the deleterious effects of ROS, cells have developed antioxidant defense strategies. Of particular importance is the transcription factor nuclear factor erythroid derived 2, like 2 (Nrf2), which regulates the expression of antioxidant proteins and enzymes involved in ROS or xenobiotic detoxification (2) . Because of these important functions, loss of Nrf2 has detrimental consequences. In UV-irradiated Nrf2 knockout mice, ROS levels were increased, resulting in enhanced apoptosis (3, 4) . Most importantly, these mice as well as mice expressing a dominantnegative Nrf2 mutant in keratinocytes showed increased susceptibility to skin carcinogenesis induced by the mutagen 7,12-dimethylbenz[a]anthracene (DMBA) and the tumor promoter 12-O-tetradecanoylphorbol 13-acetate (TPA; refs. 5, 6) .
These results suggested that activation of Nrf2 is a promising strategy for skin cancer prevention. This can be achieved by various natural and synthetic compounds, which weaken the interaction of Nrf2 with the inhibitory protein kelch-like ECH-associated protein 1 (Keap1). Because Keap1 mediates Nrf2 0 s degradation via the ubiquitin-proteasome pathway, this causes Nrf2 stabilization and its accumulation in the nucleus (2) . Genetic or pharmacologic Nrf2 activation in keratinocytes protected from UV-induced ROS damage and apoptosis, which is in line with a protective function of Nrf2 in the skin (3, 7, 8) . Furthermore, Nrf2-activating compounds were shown to suppress tumorigenesis through their chemopreventive and anti-inflammatory activities (9) . For example, treatment of mice with the Nrf2 activating compound sulforaphane reduced tumor incidence and multiplicity in the DMBA/TPA tumor model and protected against UV-induced carcinogenesis (5, 8) . Nrf2-activating compounds are in preclinical and clinical trials for cancer prevention (9) .
However, Nrf2 activation and antioxidants were shown to promote the malignancy of cells from established tumors and their radio-and chemotherapy resistance (9, 10) . NRF2 activation in tumor cells occurs through mutations in the NRF2 or KEAP1 genes, transcriptional activation of the NRF2 gene, epigenetic silencing of the KEAP1 gene, or functional inhibition of the KEAP1 protein (10) . NRF2-activating mutations were detected in a variety of cancers (11) , including 6% of human cutaneous squamous cell carcinomas (12) . These data suggest that the consequences of NRF2 activation critically depend on the stage of tumorigenesis: it inhibits the initiation of tumor formation by preventing DNA damage, but enhances proliferation and chemoresistance of cancer cells.
Because there is little information on the role and mechanism of action of Nrf2 in the early phase of tumor promotion (9) and to specifically address the role of Nrf2 in epithelial cells for carcinoma development, we analyzed the consequences of genetic activation of Nrf2 in keratinocytes for skin tumor formation. We demonstrate an unexpected tumor-promoting function of Nrf2 during early skin tumorigenesis.
Materials and Methods

Animal experiments
Transgenic mice expressing constitutively active Nrf2 (K5cre-caNrf2 mice) or the early genes of human papilloma virus type 8 in keratinocytes (K14-HPV8 mice) were previously described (3, 13) . caNrf2 mice were crossed with K14-HPV8 mice (both in FVB/N background). The double transgenic progeny was mated with K5cre mice in C57BL/6 background. Mice resulting from this breeding were observed bi-weekly for skin tumors. They were euthanized according to animal welfare regulations when a single tumor had a diameter of more than 1 cm, when more than one tumor of >0.5 cm appeared or when a tumor had an unfavorable localization.
For chemical carcinogenesis, back skin of 12-to 13-week-old female mice was shaved and 2 days later 25 mg DMBA in 200 mL acetone (Sigma) was applied topically. One week later, 5 mg TPA (Sigma) in 200 mL acetone was applied to the same site once weekly for 34 weeks. Tumor number and size were documented bi-weekly.
Mice were anaesthetized by intraperitoneal injection of xylazine/ketanarkon (Streuli Pharma AG) and sacrificed by CO 2 inhalation.
Cell culture
The murine 308 keratinocyte cell line was obtained from Cell Lines Service, where it had been tested for sterility using DAPI staining and mycoplasma PCR (http://www.clsgmbh.de/pdf/kera-308.pdf). Cells were used within the first 3 months after receipt. Murine primary keratinocytes were isolated from skin of newborn or 8 to 10 weeks old adult mice (14) and cultured in defined keratinocyte serum-free medium (Life Technologies).
Human foreskin keratinocytes were cultured in keratinocyteserum-free medium and murine 308 keratinocytes (Cell Lines Service) in DMEM (Sigma) with 10% FCS in 6-well plates. At 60% confluency, cells were treated with 5 mmol/L sulforaphane (Enzo Life Sciences) overnight, and subsequently with 100 nmol/L TPA (Sigma), 12.5 mmol/L or 25 mmol/L menadione (Sigma), 50 mmol/L, 250 mmol/L or 500 mmol/L dehydroepiandrosterone (DHEA; Sigma), or 700 mmol/L 6-aminonicotinamide (6AN; Sigma) for 6-24 h.
Metabolomic analysis
Metabolites from frozen 70 to 90 mg mouse epidermis were extracted with 4 mL 70% ethanol at 75 C for 2 minutes followed by 90-second sonication. After centrifugation at 2,900 g for 10 minutes at 4 C, supernatants were dried at 0.12 mbar pressure and resuspended with nanopure water. Quantitative targeted analysis of selected metabolites was performed using ultra high-pressure liquid chromatography-coupled tandem mass spectrometry (15) . Untargeted metabolite profiling was conducted by flow-injection analysis on an Agilent 6550 Q-TOF (Agilent) in negative mode, 4 GHz high-resolution mode, scanning the m/z range of 50 to 1,000 (16 ] ions using the HMDB v3.0 database (17) . Differences in metabolic pathways were identified using a hypergeometric test on significantly changing metabolites [P value < 0.01, |log 2 (fold change)| > 0.2, and limited to the 50 most significant hits ranked by fold change]. The analysis was performed recursively for each pathway by first considering only the most significant metabolite as hit, and then increasing with each iteration the hit subset with the next most changing metabolite. The best P value of this recursive analysis represents the probability of metabolic enrichment for a given pathway. Data analysis was performed using Matlab 2014a (The Mathworks).
Morphometrical and statistical analysis
Skin samples or cultured cells were photographed, and cell number, epidermal length, or area was analyzed using Open Lab software 3.1.5 (Improvision/PerkinElmer), omitting hair follicles.
Statistical analysis was performed using Prism 5 Software (GraphPad Software Inc.). Tumor incidence (HPV8 model) was analyzed using log-rank (Mantel-Cox) test, metabolic pathway enrichment using Fisher exact test. For comparison of two groups of data, Mann-Whitney U test was used. Error bars represent SD in all graphs.
Ã , P 0.05; ÃÃ , P 0.01; ÃÃÃ , P 0.001.
Study approval
All animal experiments had been approved by the local veterinary authorities of Zurich or Lausanne, Switzerland.
Human skin biopsies were obtained from the Department of Dermatology, University Hospital Zurich (Zurich, Switzerland), as part of the University Research Priority Program in Translational Cancer Research Biobank project, approved by the local and cantonal Institution Review Boards EK no. 647 and 800. Written informed consent was received from all patients. All research on human material abided by the Helsinki Declaration on Human Rights.
Results
Nrf2 activation has a mild tumor-preventive effect in a model of chemically induced skin carcinogenesis
To analyze the consequences of Nrf2 activation in keratinocytes on skin tumorigenesis, we used mice expressing a constitutively active Nrf2 (caNrf2) mutant in all keratinocytes due to Cre-mediated excision of a floxed STOP cassette in basal cells of the epidermis and in outer root sheath keratinocytes of hair follicles (K5cre-caNrf2 mice; ref.
3). These mice showed low mRNA levels of the transgene in keratinocytes comparable with endogenous Nrf2. Expression of classical Nrf2 target genes was significantly upregulated. Nevertheless, they do not have obvious abnormalities in the back skin (14) .
K5cre-caNrf2 mice were subjected to a DMBA/TPA-induced skin carcinogenesis protocol (18) . Expression of caNrf2 and upregulation of the Nrf2 target genes NAD(P)H dehydrogenase, quinone 1 (Nqo1) and glutathione S-transferase A3 (Gsta3) were confirmed after short-and long-term TPA treatment (Supplementary Fig. S1A and S1B) . Surprisingly, tumor incidence and multiplicity were only slightly reduced in K5cre-caNrf2 compared with controls, and malignant progression and histopathological features were not affected (Fig. 1A-D) . Some K5cre-caNrf2 mice developed sebaceous adenomas ( Fig. 1D and Supplementary Fig. S1C ), consistent with the enlarged sebaceous glands in mice with stronger Nrf2 activation (3, 19) .
Nrf2 activation enhances DMBA and ROS detoxification
To determine whether the mild tumor-suppressive effect of caNrf2 results from enhanced DMBA and/or ROS detoxification, we used RNA from skin of untreated K5cre-caNrf2 and control mice at postnatal day 2.5 (P2.5) for RNA profiling. Expression of enzymes involved in detoxification of benzo[a]pyrene and/or DMBA was strongly induced by caNrf2 (Supplementary Table S1 and Supplementary Fig. S1D ; refs. 20, 21) . This was confirmed by qRT-PCR for Nqo1, aldo-keto reductase (Akr)1b8, carbonyl reductases (Cbr)1 and Cbr3, and for Gsta2, Gsta3 and Gstm1 in the epidermis of untreated and 1Â DMBA-treated mice ( Fig. 1E and Supplementary Fig. S1E ). Expression of the DMBA-activating enzyme cytochrome P450-1a1 (Cyp1a1) was also mildly increased. Cyp1b1 and epoxide hydrolase 1 (Ephx1) expression was unaltered ( Fig. 1E and Supplementary Fig. S1D ). caNrf2 did also not affect the number of Langerhans cells ( Supplementary  Fig. S1F ), the major cell type expressing DMBA-activating enzymes in the epidermis (22) . IHC revealed a significant reduction of gH2AX-positive keratinocytes in 1Â DMBA-treated K5cre-caNrf2 mice compared with control mice (Fig. 1F) , demonstrating that Nrf2 activation protected from DMBA-induced DNA damage, most likely through upregulation of phase II-detoxifying enzymes (see working model Fig. 6G ).
During chemical carcinogenesis, ROS are formed in the course of DMBA and TPA metabolism and inflammation, thus accelerating the accumulation of mutations (23) . Indeed, expression of proinflammatory cytokines and the number of neutrophils strongly increased in response to TPA treatment, but to a similar extent in K5cre-caNrf2 and control mice (Supplementary Fig. S2A and S2B). However, thirty genes involved in ROS detoxification were more than 1.5-fold upregulated in K5cre-caNrf2 mice according to RNA profiling data (Supplementary Table S1 ). This was confirmed by qRT-PCR for Gsta3, Nqo1 (Supplementary Fig. S1A and S1B), and for glutamate cysteine ligase catalytic subunit (Gclc) and modifier subunit (Gclm), glutathione synthetase (Gss) and glutathione reductase (Gsr) using RNAs from epidermis of untreated and 3Â TPA-treated mice (Fig. 1G ). These results suggest that Nrf2 activation also protects from ROS-induced DNA damage (see working model in Fig. 6G ). In light of this finding, the relatively mild reduction of tumor incidence and multiplicity in K5cre-caNrf2 mice suggested a counteracting protumorigenic effect of activated Nrf2.
Nrf2 activation promotes HPV8-induced skin tumorigenesis
Because the effect of Nrf2 on DMBA and ROS detoxification could mask a possible tumor-promotive function of Nrf2 in skin carcinogenesis, we chose a tumor model that does not depend on chemical carcinogens. For this purpose, we mated K5cre-caNrf2 mice with K14-HPV8 transgenic mice, which develop spontaneous skin papillomas due to expression of the oncogenes HPV8-E6 and E7 in keratinocytes (13) . HPV8 is associated with skin tumorigenesis in humans (24, 25) . Surprisingly, tumor development was strongly accelerated in K14-HPV8/K5cre-caNrf2 (tg/tg/tg) mice compared with K14-HPV8/K5cre-wt (control; tg/tg/wt) mice ( Fig. 2A and B) . Mice with large papillomas had to be eliminated, and the number of papillomas at the date of sacrifice was included in the graphs at all later time points (cumulative tumor multiplicity). Therefore, the differences between genotypes are most likely underestimated. Since only few K14-HPV8/K5cre-caNrf2 mice were still alive after 2 years, later time points were not included in the statistics. Although papillomas of K14-HPV8/K5cre-caNrf2 mice showed a significant increase in expression of Nqo1 and Gsta3 compared with tumors of control mice, there was no difference in the time intervals between the appearance of the first and the second papilloma, in the papilloma growth rate, in the age of papillomas at sacrifice, or in their localization ( Supplementary Fig. S3A-S3E ).
Papillomas from mice of both genotypes showed similar histopathological features, and Nrf2 activation did not affect tumor progression ( Fig. 2C and D) .
Expression of the HPV8-E6 oncogene was not affected by the caNrf2 transgene (Fig. 2E) , indicating that the enhanced tumorigenesis indeed results from upregulation of Nrf2 target genes. Proinflammatory cytokines were only weakly expressed in the skin of K14-HPV8 mice. However, local inflammation resulting from scratching was observed in some mice ( Supplementary Fig.  S4A-S4C ), which most likely promotes tumor formation as previously seen in these mice after wounding (26) . Inflammation was not obviously affected by the caNrf2 transgene (Supplementary Fig. S4D-S4F ). However, a significant increase in the expression of enzymes involved in ROS defense was detected ( Fig. 2F and G), suggesting that Nrf2 activation also reduced oxidative stress in K14-HPV8 mice, which is relevant at the site of inflammation (see working model; Fig. 6H ). These results raise the question how Nrf2 activation enhances tumor formation in K14-HPV8 transgenic mice.
Nrf2 activation in keratinocytes causes metabolic alterations
To unravel the mechanisms underlying the protumorigenic effect of caNrf2, we performed mass spectrometry-based untargeted metabolomic analysis (16) using epidermis of K5cre-caNrf2 and control mice after three TPA treatments. We found significant Nrf2-mediated alterations in pathways of glutathione ( ÃÃÃ , P ¼ 2 Â 10 À6 ) and purine metabolism ( ÃÃÃ , P ¼ 2 Â 10 À4 ) and in amino acid metabolism pathways (Fig. 3A) . Levels of reduced and oxidized glutathione (GSH and GSSG) were strongly elevated in K5cre-caNrf2 mice, and a mild increase in the GSH precursors glycine, cysteine, and glutamate was observed ( Fig. 3B and Supplementary Fig. S5A ). ATP and GTP levels were increased, whereas levels of uric acid, an intermediate in purine degradation, were decreased (Fig. 3C) . Untargeted metabolomic analysis of epidermis from K14-HPV8/K5cre-caNrf2 and control mice revealed similar changes in glutathione and purine metabolism ( Fig. 3D and E) . However, GSSG was not increased, reflecting only limited oxidative stress compared with DMBA/TPA-treated K5cre-caNrf2 mice. Targeted metabolomic analysis furthermore revealed enhanced levels of metabolites of the pentose phosphate pathway (PPP), the citric acid cycle, glycolysis, and purine synthesis ( Supplementary Fig.  S5A-S5C ).
Nrf2 activation enhances expression of enzymes involved in glutathione and NADPH production in keratinocytes
The increase in GSH in the epidermis of caNrf2 transgenic mice can be explained by upregulation of Gclc, Gclm, Gss, and Gsr (Figs. 1G and 2G) , of the cystine/glutamate transporter Slc7a11, and of the neutral amino acid transporter Slc1a4 (Supplementary Table S1 ). Purines are synthesized from glucose through the PPP and by purine biosynthesis enzymes (Supplementary Fig. S5A) . A significant upregulation of the oxidative PPP enzymes glucose-6-phosphate dehydrogenase X-linked (G6pdx) and phosphogluconate dehydrogenase (Pgd) was detected in P2.5 K5cre-caNrf2 mice by microarray analysis, whereas expression of genes encoding glycolytic enzymes was normal (Supplementary Tables S1 and S2 ). qRT-PCR and Western blot analyses confirmed upregulation of G6pdx, Pgd, transketolase (Tkt), and transaldolase 1 (Taldo1) in the epidermis of untreated and 3Â TPA-treated adult K5cre-caNrf2 mice (Fig. 4A and B). These data strongly suggest that Nrf2 activation in keratinocytes increases the flux through the PPP, which is indirectly responsible for the elevated purine levels. Activities of G6pdx, Pgd, malic enzyme 1 (Me1), and isocitrate dehydrogenase 1 (Idh1) result in NADPH generation ( Supplementary  Fig. S5A ), and Me1 and Idh1 expression was also significantly higher in the epidermis of K5cre-caNrf2 mice (Fig. 4C) .
Upregulation of G6pdx, Pgd, Taldo1, Tkt, Me1, and Idh1 was also observed in K14-HPV8/K5cre-caNrf2 mice, leading to increased levels of NADPH as revealed by targeted metabolomic analysis (Fig. 4D-F) . Concomitantly, there was a reduction in the Idh1 substrate (iso)citrate and an increase in its product a-ketoglutarate ( Supplementary Fig. S5D ).
Treatment of primary keratinocytes with sulforaphane, which activated Nrf2 as shown by elevated expression of Nqo1 and Srxn1, also caused a significant upregulation of G6pdx, Pgd, Taldo1, Tkt, Idh1, and Me1 (Fig. 4G-J ). This indicates that these genes are under direct control of Nrf2 in murine keratinocytes. In contrast, the increased expression of these genes and the concomitant metabolic alterations are unlikely to result from activation of NFkB in response to Nrf2 activation. NFkB signaling plays a crucial role in skin tumor formation (27) (28) (29) (30) . However, microarray analysis using RNA from back skin of P2.5 K5cre-caNrf2 mice revealed no significant regulation of NFkB target genes, except for Nqo1, which is also a major Nrf2 target gene (Supplementary Fig. S6A ). Furthermore, expression of baculoviral IAP repeat containing 3 (Birc3) and TNFa-induced protein 3 (Tnfaip3), key driver genes in NFkB-p65-dependent skin tumor formation (27) , was unaffected in the epidermis of 3Â TPAtreated K5cre-caNrf2 mice and only slightly downregulated in the epidermis of K14-HPV8/K5cre-caNrf2 mice ( Supplementary  Fig. S6B and S6C ). and tg/tg/tg (N ¼ 30; n ¼ 108) mice. The percentage of acanthopapillomas at stages I-III among all skin lesions is indicated. E, qRT-PCR for HPV8-E6 relative to Rps29 using epidermal RNA from tg/tg/wt and tg/tg/tg mice. N ¼ 6. F and G, qRT-PCR for Nqo1 and Gsta3 (F) and Gclc, Gclm, Gss, and Gsr (G) relative to Rps29 using epidermal RNA from tg/tg/wt and tg/tg/tg mice. N ¼ 6. Mean expression levels in tg/tg/wt mice were set to 1. Figs. S1D and S5A ).
Nrf2 activation does not affect keratinocyte proliferation
Surprisingly, the enhanced levels of NADPH, GSH, and ATP in K5cre-caNrf2 mice did not affect epidermal thickness and keratinocyte proliferation after TPA treatment ( Fig. 5A and B) . Moreover, expression of the cell-cycle regulators cyclin b1 (Cncb1) and aurora kinase b (Aurkb; Supplementary Fig. S7A ), and activation of the mitogenic Erk and Akt signaling pathways were not affected (Fig. 5C ).
There was also no effect on proliferation of keratinocytes with an oncogenic mutation as seen in 1Â DMBA-and DMBA/TPAtreated K5cre-caNrf2 mice ( Supplementary Fig. S7B and S7C) or Gene expression and metabolites in the epidermis of TPA-treated K5cre-caNrf2 and K14-HPV8/K5cre-caNrf2 mice. A and B, qRT-PCR for G6pdx, Pgd, Taldo1, and Tkt relative to Rps29 (A) and Western blot analysis for Pgd, G6pdx, and Gapdh (B) using epidermis of untreated and 3Â TPA-treated control (tg/wt) and K5cre-caNrf2 (tg/tg) mice. Untreated N ¼ 4/6; 3Â TPA N ¼ 8/7. C, qRT-PCR for Idh1 and Me1 relative to Rps29 using epidermal RNA from untreated and 3Â TPA-treated tg/wt and tg/tg mice. Untreated N ¼ 4/6; 3x TPA N ¼ 8/7. D and E, qRT-PCR for G6pdx, Pgd, Taldo1, and Tkt (D) and Me1 and Idh1 (E) relative to Rps29 using epidermal RNA from epidermis of control (tg/tg/wt) and K14-HPV8/K5cre-caNrf2 (tg/tg/tg) mice. N ¼ 6. F, fold change in the levels of NADPH between epidermis of tg/tg/tg and tg/tg/wt mice, determined by targeted metabolomic analysis. N ¼ 6/5. G-J, qRT-PCR for Nqo1, Srxn1 (G), G6pdx, Pgd, Taldo1, Tkt (H), Idh1, and Me1 (J) relative to Rps29 using RNA from vehicle (Veh) or 5 mmol/L sulforaphane (SFN)-treated mouse primary keratinocytes (murine primary keratinocytes). Mean values of vehicle-treated murine primary keratinocytes were set to 1. Research.
on April 29, 2017. © 2015 American Association for Cancer cancerres.aacrjournals.org Downloaded from upon pharmacologic activation of Nrf2 by sulforaphane in TPAtreated 308 keratinocytes, which have an activating h-ras mutation (31, 32) . Although sulforaphane significantly increased expression of genes involved in the control of the cellular redox balance and in the PPP in 308 keratinocytes ( Supplementary Fig. S7D-S7F) , it did not affect cell proliferation (Fig. 5D and E) . K14-HPV8 single-transgenic mice also showed no change in epidermal thickness and keratinocyte proliferation (Supplementary Fig. S8A and S8B) , and caNrf2 did not affect these parameters ( Fig. 5F and G) . Finally, primary keratinocytes from K14-HPV8/ K5cre-caNrf2 mice and control mice had a similar proliferation rate ( Fig. 5H and J) .
A contribution of altered keratinocyte differentiation to the protumorigenic effect of caNrf2 was also excluded, since the differentiation markers loricrin, K10, and K14 were normally expressed in TPA-treated K5cre-caNrf2 mice, SNF-treated 308 keratinocytes and in K14-HPV8/K5cre-caNrf2 mice (Supplementary Fig. S8C-S8E ).
Nrf2 activation enhances survival of premalignant cells
Keratinocytes with an h-ras mutation have increased ROS levels, resulting in enhanced apoptosis (33, 34) . This, together with inflammation, leads to elimination of premalignant cells in the early phase of tumorigenesis. Nrf2 activation could promote the survival of cells in premalignant lesions by preventing ROSinduced apoptosis. Indeed, a mild reduction in the number of apoptotic cells was seen in the epidermis of DMBA/TPA-treated K5cre-caNrf2 mice and after sulforaphane treatment of 308 cells in the presence or absence of TPA ( Supplementary Fig. S9A and S9B). Because TPA mainly induces ROS formation in the skin indirectly through promotion of inflammation, we treated 308 keratinocytes with the ROS inducer menadione. This treatment strongly increased the levels of intracellular ROS and promoted apoptosis and reduced cell viability. These detrimental effects were partially rescued by treatment with the Nrf2-activating compounds sulforaphane or tBHQ ( Fig. 6A-C ; Supplementary  Fig. S9C and S9D) . Importantly, the protective effect of Nrf2 was strongly reduced in the presence of the G6pdx inhibitor dehydroepiandrosterone (DHEA; Fig. 6D and Supplementary Fig.  S9E ), which concomitantly reduced NADPH levels (Supplementary Fig. S9F ). This was confirmed with the G6pdx and Pgd inhibitor 6-aminonicotinamide (6AN; Fig. 6E ). This finding as well as the upregulation of PPP enzymes by Nrf2-activating compounds ( Supplementary Fig. S7F ) demonstrate that the activation of PPP enzymes and concomitant escape from cell death due to NADPH production also operates in h-ras mutated keratinocytes. In K14-HPV8/K5cre-caNrf2 mice, there was no obvious difference in the number of apoptotic keratinocytes compared with controls ( Supplementary Fig. S9G ), but a few cells in areas of local inflammation may be protected from ROS-induced apoptosis by caNrf2. Consistent with this assumption, sulforaphane treatment of primary keratinocytes from K14-HPV8 transgenic mice significantly reduced apoptotic cell number after menadione treatment (Fig. 6F) .
Taken together, Nrf2 activation protects keratinocytes with oncogenic mutations from ROS damage and apoptosis through enhanced production of NADPH. This protective function likely promotes survival of cells in premalignant lesions (see working model; Fig. 6G and H).
NRF2 activation in precursor lesions of human epithelial skin cancer
To determine the relevance of our findings for human skin tumorigenesis, human foreskin keratinocytes (HFK) were treated with sulforaphane. This resulted in a significant upregulation of classical NRF2 target genes and of genes encoding the PPP and/or the NADPH-producing enzymes G6PDX, PGD, TALDO1, TKT, and ME1 (Fig. 7A-C) . Similar to mouse keratinocytes, this did not affect proliferation, but significantly reduced intracellular ROS levels and the number of apoptotic cells (Fig. 7D-F) .
Analysis of biopsies of precursor lesions of epithelial skin cancer (in particular actinic keratosis) revealed increased mRNA levels of the classic NRF2 target genes NQO1 and SRXN1 in 9 out of 14 samples (64%). This increase largely correlated with strong immunoreactivity of the lesions-in particular of keratinocytesfor NQO1 and for nuclear (activated) P-NRF2 (Fig. 7G and H) . However, NRF2 mRNA was not upregulated, suggesting a regulation of NRF2 at the protein level in these AK lesions (Fig. 7G) . In almost half of these samples (44%), expression of G6PDX, PGD, TKT, IDH1, and ME1 was also increased (Fig. 7J and K and  Supplementary Table S3) , suggesting similar metabolic alterations in precancerous lesions with NRF2 activation as observed in mice with a genetic Nrf2 activation.
Discussion
NRF2 activation is a promising strategy for chemoprevention of cancer, and natural and synthetic NRF2-activating compounds are in clinical trials for cancer prevention in high-risk patients (9) . The efficacy of these activators is supported by several preclinical studies. In the skin, for example, topical sulforaphane treatment of mice reduced chemically-and UV-induced tumor formation (5, 8, 35) . This is consistent with the tumor-preventive effect of caNrf2 observed in the DMBA/TPA model. However, the effect was weaker than with sulforaphane, possibly due to selective activation of Nrf2 in keratinocytes and not in the stroma. Furthermore, sulforaphane may have additional, Nrf2-independent effects. The tumor-preventive function of Nrf2 results from its potent effect on ROS and xenobiotic detoxification, which is particularly relevant in the DMBA/TPA model. Moreover, we detected Nrf2-mediated upregulation of NADPH-producing enzymes in keratinocytes, which were identified earlier as direct transcriptional targets of Nrf2 (36) (37) (38) (39) . This provides an obvious explanation for the increase in NADPH levels in the epidermis of caNrf2 transgenic mice. Furthermore, ATP levels were increased, most likely as an indirect consequence of increased PPP activity. This contributes to the chemopreventive and antioxidant functions of Nrf2, since NADPH is a redox equivalent supplier, and since ATP is consumed by several enzymes involved in ROS and xenobiotic detoxification.
Although all these studies support the usefulness of NRF2-activating compounds for cancer prevention, potential protumorigenic activities of NRF2 should not be neglected. Thus, we show here that genetic Nrf2 activation in keratinocytes has an overlapping tumor-promotive activity, whose relevance depends on the (Continued.) Mean expression levels in healthy donors were set to 1. H, H&E staining (top) and IHC staining for NQO1 (middle) and P-NRF2 (Ser-40; bottom) on sections of skin cancer precursor lesions. The insets in the bottom panel show a central part of the picture at higher magnification. Note weak (left) or strong (right) NQO1 and P-NRF2 staining of keratinocytes in two different AK biopsies with low or high NQO1 RNA expression. Dotted lines, boundary between epidermis and dermis. Scale bar, 100 mm. J, qRT-PCR for G6PDX, PGD, TKT, TALDO1, IDH1, and ME1 relative to GAPDH using RNA from skin of healthy donors (N ¼ 5 biopsies) and from patients with skin cancer precursor lesions (N ¼ 11/14 biopsies). K, expression level of G6PDX versus NQO1 (left graph) and IDH1 versus NQO1 (right graph) in precursor lesions (N ¼ 14). AK biopsies with strong expression of all genes (Supplementary Table S3 ) are marked in red.
cancer model. It seems most likely that the cytoprotective activities, which reduce the accumulation of mutations, also protect any mutated cells from ROS-induced cell death, resulting in their survival and subsequent tumor formation. The observed metabolic alterations directly contribute to this protective function. Consistent with this assumption, lung epithelial cancer cell lines carrying NRF2-activating mutations have a higher proliferative activity due to upregulation of PPP enzymes (39) , and transcriptional activation of Nrf2 by K-Ras and B-Raf oncoproteins increased proliferation and survival of pancreatic and lung cancer cells (40) . These findings explain why activation of NRF2 in cancer cells correlates with increased malignancy and poor prognosis (9) .
The consequences of these Nrf2 activities for the progression of premalignant lesions are, however, largely unexplored. Nrf2 activation is of particular importance at this stage because cells with an oncogenic h-ras or c-myc mutation are sensitive to stress-induced apoptosis because of increased ROS levels and reduced expression of antiapoptotic proteins (33, 34, 41) . It seems likely that Nrf2 activation reduces the stress sensitivity of these early tumor cells. This is supported by our findings demonstrating a slight reduction in keratinocyte apoptosis in DMBA/TPA-treated K5cre-caNrf2 mice and protection of cultured keratinocytes with h-ras mutation from ROS-induced apoptosis by sulforaphane that was dependent on the activity of PPP enzymes. A reduction in apoptosis was also observed in sulforaphane-treated keratinocytes of K14-HPV8 transgenic mice after menadione stimulation, suggesting a similar mechanism during virus-induced tumorigenesis. These data provide evidence for a protumorigenic effect of activated Nrf2 during the cancer promotion phase by prevention of ROS-induced apoptosis of keratinocytes with oncogenic mutations.
The identified Nrf2-induced metabolic alterations are reminiscent to the metabolic reprogramming of established neoplastic cells, an important hallmark of cancer (42) . It is commonly accepted that such alterations are acquired as a consequence of mutations in oncogenes and tumor suppressor genes during a long-term multistep process (43) . In the presence of activated Nrf2, however, the metabolism of normal keratinocytes appears to be permanently shifted to a cancer cell-like state, creating a metabolic preconditioning, which may reduce the number of additional alterations required for complete cellular transformation and thus acceleration of tumor development. During chemical carcinogenesis, the opposing activities of Nrf2-protection from DMBA-and ROS-induced DNA mutations, but survival of cells with oncogenic mutations-are counterbalanced, resulting in a minor reduction in tumor incidence and multiplicity (Fig.  6G) . In the HPV8 model, however, xenobiotic detoxification is not required, and ROS detoxification is less important due to a lower level of inflammation. As a consequence, the effect of Nrf2 on survival of cells with oncogenic mutations predominates in K14-HPV8 mice, resulting in a strong increase in tumor incidence in the presence of activated Nrf2 (Fig. 6H) . Therefore, the effect of Nrf2 on skin tumorigenesis is dependent on the tumor model.
The results obtained in this study are of obvious importance for human skin carcinogenesis, since we found a strong staining for NQO1 and P-NRF2 in keratinocytes and upregulation of classical NRF2 target genes and genes encoding PPP enzymes in a subset of biopsies from patients with precancerous skin lesions. Although these results need to be confirmed with a larger number of patients, they suggest that NRF2 activation occurs in these early lesions. This is likely to result in metabolic changes that promote keratinocyte survival, similar to our mouse models after genetic Nrf2 activation. In the future, it will be interesting to determine the mechanisms of NRF2 activation in precancerous skin lesions.
Taken together, our results unraveled an unexpected protumorigenic activity during the promotion phase by protecting premalignant cells from stress-induced apoptosis. Therefore, the outcome of NRF2 activation critically depends on the stage of tumorigenesis and most likely also on the etiologic agent and duration of NRF2 activation. Therefore, the benefits of NRF2 activation should be considered in light of the here described protumorigenic activities.
